Geostatistical inversion is applied on a Gulf-of-Mexico, 3D post-stack seismic data set to improve the vertical resolution of reservoir parameters yielded by trace-based inversion. Results are derived in the form of a set of equally probable realizations of acoustic impedance that honor both the well logs and the seismic data. Petrophysical analysis reveals two prospective gas-bearing sands. We focus our analysis to the determination of lateral and vertical resolution properties of the thicker of the two sands. Geostatistical inversion yields stochastic realizations of acoustic impedance and bulk density with vertical resolutions of 4 and 1 ms. Inversion of bulk density follows from the enforcement of a statistical relationship with acoustic impedance validated with wellbore data. In turn, bulk density lends itself to a relatively simple procedure to obtain high-resolution simulations of total porosity and absolute permeability. Such simulations are therefore amenable to reservoir simulation without prior use of mathematical upscaling.
Introduction
The active hydrocarbon-producing field considered in this paper is located in the Gulf of Mexico, off the coast of Louisiana. Existing development wells reach two laminated deltaic sand sequences of Pliocene age. These sand sequences constitute commercial gas-bearing reservoirs and exhibit approximate thickness of 384 and 203 ft, respectively. Figure 1 is a plan view of the area of study showing existing well locations superimposed on a seismic time horizon. Well UN4 was drilled downdip of well UN1 to locate the oil-water contact (OWC) at 9423 ft MD. Well UN4 was junked and redrilled updip away from the OWC and thereafter completed in the same sand reached by well UN1. The updip redrilled well was subsequently identified as UN5. Cumulative oil, gas, and water productions of the field reported by May 2001 amounted to 545 MSTB, 18 BSCF, and 140 MSTB respectively.
The Data Set
The 3D post-stack seismic data acquired in the area of study consists of traces sampled at 4 ms in the frequency band between 10 and 70 Hz, and with a central frequency of 25 Hz. A total of 540 cross-lines and 310 in-lines constitute the available data set over an area of approximately 64 Km 2 . Owing to structural constraints, however, we made use of only 60% of the existing traces (100,440 traces) for the study reported in this paper. 
Petrophysical Analysis
Wellbore measurements acquired in existing wells include a complete suite of P-and S-wave sonic, bulk density, neutron porosity, resitivity, and gamma-ray logs. In addition, extensive core data in the production zones provide a detailed description of absolute permeability and irreducible water saturation. Figure 2 is a composite welllog display of wireline data acquired along one of the existing wells. Gas flow units and their saturating fluids are well identified from their sonic and bulk density log responses. The thicker of the gas flow units, identified as Layer 2, is prominently shown in Figure 2 . 
Production Zone

Trace-Based Inversion
Three of the 5 existing wells possess sonic and density logs needed for correlating the well logs and the seismic data. Reflectivity series and synthetic seismograms were generated from available well logs to be subsequently used for well-to-seismic ties. Such a procedure allowed us to update the available time-depth relationships, and to estimate a global wavelet. An initial structural model was built from a set of interpreted time horizons. Trace-based inversion was performed using a constrained sparse-spike algorithm. A comparison between the original seismic data and the inverted reflectivity data clearly showed that the inversion provided an increase in vertical and lateral resolution from that available from the seismic data (Figs. 3 and 4). Figure 5 shows a plan-view comparison of the RMS amplitude attribute extracted from both the seismic data and the inverted reflectivity within Layer 2. This comparison provides a clear qualitative assessment of the gain in lateral resolution obtained from the inversion. 
Geostatistical Inversion
Geostatistical inversion is a stochastic simulation procedure that honors both the seismic data and the well logs (Haas and Dubrule, 1994) . It provides a flexible and efficient formulation to populate the inter-well space with petrophysical parameters statistically linked to acoustic impedance (Grijalba-Cuenca et al., 2000). The inversion algorithm makes use of an iterative simulated annealing method to find a local minimum of the data misfit function. Histograms and spatial variograms are used as a way to control the lateral smoothness of the results away from existing wells. The variograms are also used to perform interpolation (kriging) along the geometrical framework imposed by seismic horizons. (Haas and Dubrule, 1994) . Standard geostatistical simulation procedures are known to be highly sensitive to both the assumed variogram parameters and the input wells. By contrast, geostatistical inversion relies heavily on the seismic amplitude variations between wells and as such is much less sensitive to the choice of variogram parameters and to the number of input wells. Figure 6 shows maps of the cross-correlation between the input seismic data and the seismic data simulated from the geostatistically inverted acoustic impedances. The latter were obtained with the same vertical sampling interval of the seismic data (4 ms) within Layer 2. Cross correlations shown in Fig. 6 are plotted as a function of iteration in the simulated annealing algorithm. The first map (iteration zero) corresponds to the seismic cross-correlation produced by a standard geostatistical simulation procedure known as Gaussian simulation. A poor seismic cross correlation is obtained at this starting point, only to be monotonically increased as the number of iterations increases. For the last iteration shown in Fig. 6 (iteration no. 10), the cross correlation with the seismic data has been successfully increased above 0.9 and compares extremely well with a similar cross correlation obtained via trace-based inversion. To quantify uncertainty (non-uniqueness) of the geostatistical inversion, multiple realizations may be generated and the range of solutions can be assessed by way of the distribution of standard deviation, for instance (Grijalba-Cuenca et al., 2000).
As is shown in Fig. 7 , acoustic impedances obtained via geostatistical inversion exhibit a slightly higher vertical resolution than the acoustic impedances yielded by tracebased inversion. The regions shown with red color in Fig. 8 represent low values of acoustic impedance and coincide with gas-bearing sands. Geostatistical inversions of acoustic impedance were also run at a vertical sampling interval of 1 ms in an effort to improve vertical resolution. Figure 8 shows a comparison between the geostatistical inversions of acoustic impedance obtained with vertical resolutions of 4 and 1 ms. The results described in that figure represent the average of 3 independent simulations. A slight gain in vertical resolution can be observed from the geostatistical inversion performed at 1 ms.
Fig. 8:
Cross-section comparison between the acoustic impedances obtained with geostatistical inversion sampled at 4 ms (left) and 1 ms (right) within Layer 2. For comparison, the acoustic impedance log is displayed at one of the well locations considered by the inversion.
Geostatistical Inversion of Bulk Density
As emphasized earlier, geostatistical inversion can be used to estimate spatial distributions of petrophysical variables statistically linked to acoustic impedance. As a preamble to estimating a spatial distribution of total porosity between existing well locations, we perform a geostatistical inversion of bulk density. This estimation is performed by way of Gaussian collocated co-simulation wherein the trace-based inverted acoustic impedance cube is used as secondary input. In addition, a measure of the statistical correlation between acoustic impedance and bulk density is required as input data, and this is constructed with a crossplot of wireline data similar to that shown in Fig. 9 .
Results from the geostatistical inversion of bulk density are shown in Figs. 10 and 11. Geostatistical inversions were performed at a vertical resolution of 4 ms. A map view of the distribution of bulk density inverted within Layer 2 is shown in the form of a RMS attribute extraction. This map provides a quantitative assessment of the lateral continuity of the gas-bearing sand. Cross-validation of the results was performed by comparing the "trace" of inverted density cube closest to well UN5 with the actual wireline log of bulk density measured along the same well. Figure 11 shows the graphical comparison between the log and the extracted trace of bulk density. The agreement is quite acceptable and hence lends credence to the inversion.
A subsequent step to the work described in this paper corresponds of the estimation of a spatial distribution of total porosity. Such a distribution could in turn be used to provide an estimate of the spatial distribution of absolute permeability that honors the available core data. The distributions of porosity and permeability obtained this way could then be input to a multi-phase reservoir simulator to further validate the static reservoir model against the time record of fluid production measurements. We present results from such an exercise.
Fig. 9:
Cross-plot of acoustic impedance vs. bulk density within Layer 2. Lithology differentiation was performed through the use of gamma-ray logs. 
Fig. 11:
Cross validation of the geostatistical inversion of bulk density inversion. The black curve represents the density log in well UN1, whereas the red and blue curves are the density curves extracted from geostatistical inversions of bulk density at vertical resolutions of 4 and 1 ms, respectively.
Conclusions
By honoring existing well-log data, geostatistical inversion provides a way to increase the vertical resolution of acoustic impedance above that available from seismic data. In addition, geostatistical inversion provides a formulation that can efficiently enforce a non-determinist (statistical) link between acoustic impedance and petrophysical parameters. We have made use of these two important features of geostatistical inversion to derive high-resolution volumes of gas-bearing sands in a Gulf-of-Mexico reservoir. Results from our work provide distribution of petrophysical parameters that could be used to refine the construction of a reservoir model amenable to fluid-flow simulation and production history match.
